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SUMMARY CONTENTS

This arnual report covers work completed and in progress on
"Freshwater Cyanobacteria (blue-green algae) Toxins: Isolation
and Characterization". The first part of the report updates
review material on toxins of freshwater cyanobacteria. The
second part details studies covered under this contract as
described in the contract workscope. The workscope areas
include: 1) Development of culture methods of neuro- and
hepatotoxin producing strains of freshwater cvanobacteria. This
work has centered cn implementation of fermenter systems designed
for semi-continuous harvesting of algal cells, in addition to
optimization of culture conditions for control of toxin
production. 2} Extraction, purification and analysis of .
neurotoxins and hepatotoxins. This work has centered on
purxflcatlon and analysis of cycllc peptide toxins of Microcystis
aeruginosa and Nodularia spumigena, and the neurotoxin ANTX-A(S)
from Anabaena flos-aquae. 3) Toxicology work has involved the

isolation, purification and enzyme kinetics of the anti-
cholinesterase compound called anatoxin-~a(s). 4) Collaborative
studies to investigate new occurrences of toxic blue-green algae
and to isolate, culture, and examine new toxic species. This
work has resulted in the examination and isolation of new toxic

isolates of Microcystis aeruginosa form Wisconsin and Illinois,
Oscillatoria agardhii from Norway, Egﬁulﬁzl_ spumigena from New
Zealand, Ngstoc Sp. and Nodularia spumigena from Finland and
Microcystis aerugjinosa from the Peopies Republic of China.
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FOREWORD

In conducting the research described in this report, the
investigators adhered to the "Guide for the Care and Use of
Laboratory Animels” prepared by the Committee on Care and Use of
Laboratory Animals of The Institute of Laboratory Animal
Resources, National Research Council. (DHEW Pubiication No.
(NIH) 86-23, Revisaed 1985.)

Citations of commercial organizations and trade names in
this report do not constitute an official Cepartment of the Army
endorsemer.. or approval of the products or sarvices of these
organizations.
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A. REVIEW UPDATE OF CYANOBACTERIA TOXINS
1. INTRODUCTION

Reports of toxic algae in the freshwater environment are alrost
exclusively caused by strains of species that are members of the
division Cyanophyta, commonly called blue-green algae or
cyanobacteria. Al)though cyancbacteria are found in almost any
environment ranging from hot springs to Antarctic soils, kn»own
toxic members are mogstly planktonic. Published accounts of field
poisonings by cyanubacteriaz are known since the late i9th century
(Francis, 1878). These reports describe sickness and death of
livestock, -pets, and wildlife following ingestion of water
containing toxic algae cells or the toxin released by the aging
cells. Recent reviews of these poisonings and the toxins of
freshwater cyanobacteria are given by Carmichael (1981, 1986,
1988), Codd and Bell (1985) and Gorham and Carmichael (1988).

While about 12 genera have been implicated in cyanobacteria
poisonings only toxins from Apapaena, Aphanizomenon, Microcystis,
Nodularia, and Q9scillatoria have been isoclated, at least
partially chemically defined and the toxins studied for their
mode of action. In addiiion to the acute lethal toxins. some
cyanobacteria produce potent cytotoxins. These secondary
chemicals are not considered in this chapter but the reader is
referred to papers by Barchi et al, (1983, 1984); Carmichael
(1968); Moore gt al, (1984, 1986); Mason @t al, (1982) and
Gleason and Paulson (1384) for further discussion of these
compounds. These cytntoxins are also listed in Table 2.

Economic losses related to freahwater cyancbacterial toxins are
the result of contact with or consumption of wvater containing
toxin and/or toxic cealls. These toxins are water-soluble and
temperature-stable. Thaey are either released by the
cyanobacterial cell or loosely bound so that changes in cell
permeability or age allow their release into the envirnnment.
Lethal and sublethal amounts of these toxins become available to
animals during periods of heavy cell growth, termed
"waterblooms, " especially when the watarbloom accumulates on the
surface, inshore, where animalas are watering. Waterblooms can
occur wheraver proper conditions for growth, including
irradiance, temperature, neutral or alkaline conditions, and
nutrients are found. The increasing eutrophication of water
supplies from urban and agricultural sources, which raises
mineral nutrient levels, has increased the occurrence and
intensity of these annual blooms. It should be noted that
although there are several bloom-forming genera of cyancbacteria
those that occur most often are also those that can produce

‘toxins. Known occurrences of toxic cyanobacteria in water

supplies (Table 1), include Canaada (four provinces, Europe (12
countries), United States (20 states), USSR (Ukraine), Australia,
India, Bangladesh, South Africa, Israel, Japan, New Zealand,
Argentina, Chile and the Peoples Republic of China (Skulberg, et
al., 1984; Carmichaei et al., 1985, Gorham and Caraichael, 1988).
Not all blooms ot a toxigenic species procduce toxins, however,




and it is not possible to tell by microscopic examinaticn of the
Cells whether they are toxic. Environmental conditions that
favor bloom formaticn include (1) moderate to high levels cof
nutrients, especially phosphorus and nitrate or ammonia, (2)
WJater temperatures,baetveen 15 and 30°C, ard (3) a pH Lketwveen 5
and 9 or higher (Skulberg gt al,, 1924). The eccnomic irpace
from toxic freshwater cyanobacteria inciude the costs incurred
from deaths of domestic animals: allergic and gastrociatestinal
problems after human contact wWwith water blooms (including lcs<
incore frca cecreational areas):; and increased expense for th
detection and removal of taste, odor, and toxins (although no
approved aeth'd yet exists for removal of toxins, activated
carbon has been tried in certain areas). ~“his sectinn sumnarizes
the neurotoxins and hepatotoxins of fresh and biackish water
cyanobacteria. A summary of these compounds is given in Table 2.

Table 1. Known Occurrences of Toxic
i3 in Presh or Murine VWatar
(updatad from Gorham and Carmicheel, 1988)

ARCENTINA INDIA
AUSTRALIA ISRARL
BANGILADESE JAPAS
SERSUDA NEW IZALAND
BMAZIL OXINASA (MARINE®
CANADA PROFLES REPUBLIC OF CNINA
Albarta SOUTE AFRICA
Neaitoba
ontario J.8.A.
Saskatchewvan
California
TCROPE Colorsdo
Hawaii (marine)
Czechoslovakia ldako
Detmark Illinois
Last Gersany Iowa
Finland Nichigan
Creat ETitain ninnesota
Rungary Montane
Netherlands Nevada
sorvay Sew Mampshire
Poland Beovw Nexico
Portugal Bew York
Sweden North Dakota
West. Caxrsary Oregoa
Pennaylvania
South Dakota
Texas
e
Uisconsin
U.3.3.R.

Ukraine
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world map showing areas (darkened) where toxic freshwater

cyancbacteria have been tound.
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2. NEUROCTOXINS

a. Anatoxins
Neurotoxins procduced by filamentous Anakaena Ll:s-337.3e -e
called anatoxins (ANTX) (Carmichael and Gorham, 1978). Two

aratoxins [ANTX~A and A(S)) are avajilable for structure and
function studies. ANTX-A from strain NRC-44-1 is the first tcxin
from a freshwater cyancbacteria to be chemically defined. It is
the secondary amine, 2-acetyl-9-azabicycle (4-2-1) non-2-ena
{Huber, 1972; Devlin gt al.. 1977), molecular wveight 166 daltcns
(Fig. la). It has been synthesized through a ring expansicn of
cocaine (Campbell at al,., 1977, 1979), from iminium salts (Bates
and Rapoport, 1979: Peterson gt al., 1944, 1983), from 4~
cycloheptenone or tetrabromotricyclococtans (Danheiser gt al..
1983) by construction of the azabicyclo ring from 9-methyl-9-
azabicyclo (3.3.1] nonan-l-ol (Wiseman and Lee, 1986), and by
startirg with 9-methyl-9-aza(4.2.1) nonan-2-one (Lindgren et al..,
1987).

W2 0
]
1 | 2
‘ F)
e
?
4
anstoxin - a hydrochioride

Fig. 1.a. (left) Anatoxin-a (ANTX-A) hydrochloride. Produce:
by the freshwater filamentous cyano-

bacterium Apabasna f£lom-aguae NRC-44-1.

(right) Aphantoxin-I (neosaxitoxin) and Aphantoxin
II (saxitoxin) produced by certain strains
of the filamentous cyanobacterium

Aghanizomancon flos-gquas.




ANTX-A is a potent, postsynaptic, depolarizing, neuromuscular
blocking agent that affecta bhoth nicotinic and muscarinic
acetylcholine (ACH) receptors at the ACH channel (Caraichael gt
als, 1979;: Spivak et al,, 1980, 1983; Aronstam ard Witkop, 1981).
Signs of poisoning in field reports for wild and domectic aninals
include staqgering, muscle fasciculations, gasping, convulsions,
and opisthotonos (birds). Death by respiratory arrest occurs
within minutes to a few hcurs depending on species, dosage, and
prior food consumption. The LDy, intraperitoneal (IP) mouse for
purified toxin is about 200ug/kg body weight, with survival tinme
of 4-7 min. This means that animals need to ingest only a few
milliliters to a few liters of the toxic surface sloom to receive
a lethal bolus (Carmichael and Gorham, 1377: Carmichael ¢t al.,
1977, Carmichael and Biggs, 1978).

Anatoxin-A(S) (ANTX-A(S)), produced by A. flos-aguas NRC-525-17,
is different from ANTX-A. It produces opisthonos in chicks, as
does ANTX-A, but also causes viscous salivation (vhich gives the
terminology its (S) label)] and lachrymation in mice,
chromodacryorrhea in rats, urinary incontinence, and defecaticn
prior to death by respiratory arrest. Al=oc observed is a dose-
dependent fasciculation of limbs for 1-2 min after death. ANTX-
A(S) has been purified by column chrosatography and high-
performance liquid chromatography (HPLC) (Carmichael and Mahmood,
1984), but {ts structure is still being worked cn. ANTX-A(S) is
acid stable, unstable in basic conditions, has vuory low
ultraviolet (uv) absorbance, gives a positive alkaloid test, and
has a molecular wveight estimated by gel exclusion chromatography
and mass spectrometry of about 250 daltons.

The LD, IP mouse for ANTX-A(S) is about 10 ug/kqg, six times more
toxic than ANTX-A. At the LLC,, the survival time for mice is 10-
3JO min. Mahmood and Carmichael (1986a) conclude that the
toxicological and pharmacological signs of poisoning indicate
excessive, cholinergic stimulation. Recent work by Mahmood and
Carmichael (1987) shows that ANTX-A(S) is an irreversible
anticholinesterase.

Mahmood and co-workers (1988) have identified ANTX-A(S) as the
probably cause of death for five dogs, eight pups and two calves
that ingested quantities of A. flos-aguas in Richmond Lake, Sout:
Dakota, in late summer 1985. At present all neurotoxic A. flos-
agquas strains studied in the laboratory have come from North
America. There ara, hovever, soms recent reports of neurotoxic
Anabasna in Australia (Runnegar gt al., 1988a), Japan and
Scandinavia (M. Watanabe, 0.M. Skulberg, and K. Sivonen perscnal
communication). It seems likely that once they are looked for,
neurotoxic Anabaena will be found in all the same geographic
areas as other toxic cyanobacteria.
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b. AghantoJina

Occurrence of neurotoxins (aphantoxins) in the freshwater
filamentous cyancbacterium Aphanizcmenon flos-aguas wvas first
demonstrated by Sawyer und co-vorkers (1968). All aphantoxins
(APHTXS) studied to du“e have come from waterbiooms and
laboratory strains of nonfasciculate (non-flake-forming) Aph.
that occurred in iakes and ponds of New ﬂanpahito from
1966 through 1980. Toxic cells and extracts of Aph,
vere shown to be toxic to mice, fish, and waterfleas (annnig
catavba) by Jakis and Gentile (1968). Chromatographic and
pharmacological evidence established that APHTXS consist mainly
of two neurotoxic alkaloids that strongiy resembled saxitoxin
(STX) and neosaxitoxin (neoSTX), the two primary toxins of red
tide paralytic shellfish poisoning (PSP) (Sasner ef al., 1984).
The biooa material and toxic strain used in studies before 1980
came from collections made betwveen 1960 and 1970. The more
recent work on APHTXS has used two strains /Nli-1 and NH-5)
isolated by Carmichael in 1980 from a small pond near Durham, New
Hampshire (Carmichael, 1982: Ikawa gt al., 1982). These APHTXS,
as vell és neoSTX and STX, are fast-acting neurotoxins that
inhibit nerve conduction by blocking scdiua channels without
affecting permeability to potassium, and transmeabdrane resting
potential, or membrane resistance (Adeiman gt al.. 1982).
Mahmood and Carmichael (1986b), using the NH-5 strain showed that
batch-cultured cells have a mouse IP LD,, of about 5 mg/kg. Each
gram cof lyophilized cells yields about 1.3 mg aphantoxin I
(neosaxitoxin) and 0.1 x3y aphantoxin II (saxitoxin) (Pig. 1b).
Also detected vere three unstable neurctoxins that were not
similar to any of the known paralytic shellfish poisons.

Shimizu and co-workers (19684) studied the biosynthesis of the STX
analog neoSTX using Aph, flos-acuae NE-1. They were able to
confirm its presence in strain NH-1 and to explzin the
biosynthetic pathway for this important group of secondary
chemicals.

3. HEPATOTOXINS

Low-molacular-veight peptide toxins that affect the liver Lave
been the predominant toxins involved in casas of animal
poisonings due to cyanobacterial toxins (Schwimmer and Schwimmer,
1968; Carmichael, 1986; and Gorcham and Carmichael, 1988). After
almost 25 years of structure analysis on toxic peptides of the
colonial bloom-forming cyanvbacterium Microcystis aerugincsa,
Botes znd co-workers (1982a,b, 1986) and Santikarn and colleagues
(1983) provided structure details on one of four toxins
(designated toxin BE-4) produced by the South African N,
aexuginosa strain WR70 (= UV-010). They concluded that it was
monocyclic and contained three D-amino acids--alanine, erythro-g-
nethylaspartic acid, and glutamic acid, two L-amino acids--
leucine and alanine--plus two unusual amino acids. These wvere }-
»ethyldehydroalanine (Medha) and a nonpolar side chain of 20
carbon atoms that turncd out to be a novel g-amino acid: 3-amino-




9-sethoxy-2,6, A-trimethyl-10-phenyldeca~-4,6-dienoic acid (ADDA).
Based on fast atom bombardment mass spectrometry (FABMS) and
nuclear cagnetic resonance (NMk) studies, JE-4 toX1ln (8 NOW Known
to be a cyclic heptapeptide having a molecular wvaight cf 999
daltons. Botes and co-workers ,.98%) also shoved that the other
three toxins of ctrain WR-70 a.' had the same D-amino acids ard
the twe novel amino acids (Medha and ADDA). They differed in
that the L-emino acids were leucine-arginine: tyrosine-arginine
and tyrosine-elanine instead of leucine-alanine as in toxin BE-4.
They were also able to show that the hepatotoxin isoclated by
Elleman and colleagues (1978) from water bloom material collected
in Malpas Dam, New South Wales, Australia, contained the five
characteristic amino acids plus the L-amino acid variants
tyrosine-sethionine.

Instead of calling the 3E-4 toxin aicrocvstin, as previous
Microcystis toxins wvere called (Konst gt al., 1965; Murthy and
Capindale, 1970: Rabin and Dearbre, 1975) and using alphabetical
or numerical suffixes to indicate chromatographic elution crdar
or structural differences, Botes (1986) proposed the generically
derived designation cyanoginosin (CYGSN). This name, which
indicates the cyanobacterial species (i.e., aeruginosa) origin, is
followed by a two-letter suffix that indicates the identity and
sequence of the two L-amino acids relative to the N-Me-
dehydroalanyl-D-alanine bond. Thus toxin BE-4 vas renamed
cyanoginosin~LA since leucine and alanine are the L-amino acids.

Microcystin (MCYST) is the term given to the fast death factor
(FOF) produced by M, asruginosa strain NRC-1 and its Jaughter
strain NRC-1 (SS-17) (Bishop gt al.., 1959;: Konst ¢t al.., 1965%).
A definitive structure for the toxin of strain NRC-1 (SS-17) is
not yet avajilable but is known to be a peptids (MW 994)
containing the variant L-amino acids leucine and arginine
(Carmichael, unpublished). Krishnamurthy and co-workers
(1985a,b) have shown that the toxin isolated from a vaterbdbloom of
M. aeruginosa collected in Lake Akersvatn, Norvay (Bevy gt al,.
1987), has a structure similar to that of MYCST from NRC-1 (SS-
17) and CYGSN-LR. This toxin has also bean found to be the rain
toxin produced by the Scottish strain of M, aeruginosa PCCc-7820
and a Canadian A, flo3-aquae strain S-23-g-1 (Krishnamurthy et
al,, 196 a,b). The identification of a pevtide toxin from A,
flos-aguae S-23-g-1 provides the first evidence that these
hepatotoxins are produced by filamentous us well as coccoid
cyancbacteria. A, flos-aguas S-23-9-1 and toxic M, asruginosa
from a vaterbloom in Wisconsin also produced a second cyclic
heptapeptide hepatotoxin, wvhich has been found to have six of the
same amino acids, that is, leucine-arginine, but has aspartic
acid instead of f-methylaspartic acid (Krishnamurthy ¢% al.,
1986a) .

The filamentous genus Qscillatoria has also been shown to produce
a hepatotoxin (Ostensvik gt al,, 1981: Eriksson et al,, 1987a).
From water blooms of Q, agardhii var and Q, agardhii var.
isothrix, two similar cyclic heptapeptides have been izolated.
Both toxina have the variant L-amino acids arginine-arginine and
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aspartic acid instead cf g-methylaspartic acid. The toxin fron
Q. var. isothrix also has dehydroalanins instead of
methyldehydroalanine (KXrishnamurthy gt al., 1386b). More
recently M, viridis (Kusumi et al,, 1987) and M, aeruginosa
(Psinuly at al,, 1988; Harada et al,, 1988) have been shown to
produce the cyclic heptapeptide with an arginine-arginine "L"
amino acid variant.

spuailgeana has also been shown to produce a peptide with
hepatotoxic activity. The more recent reports come froa
Australia (Xain gt al., 1977), the German Democratic Republic
(Kalbe and Tiess, 1964), Denmark (Lindstrom, 1976), Sweden (Edler
et al., 198%) and Pinland (Erikseson et al.. 1988; Persson ¢t al..
1984). Recantly structure information or Nodularia toxin has
been presented by Rinehart (Royal Soc. Chem., Ann. Chea.
Congress, Svansea, U.K., April 13-16, 1387, Paper A-12) for
vatertloom material collected in Lake Forsythe, New Zealand in
1984; hy Carmichael and co-wvorkers (1988) for a clonal isoclate
from Lake Ellesmere, New Zealand; by Eriksson and co-workers
(1938) fronm wvaterbloom material collected in the Baltic fLea in
1986 and Runnegar and colleagues (1988b) for a field isolate froa
the Peel Inlet, Perth, Australia. Structure work by these groups
all indicate that the peptide is smaller than the heptapeptides
toxins. Rinehart and co-workers (1988) showed that tne toxin is
a pentapeptide with a similar structure to the heptapeptides and
containing A-methylaspartic acid, glutamic acid, arginine, N-
methyl-dehydrobutyrine and ADDA (M.W. 824) (Pig. 2).

1. Mode af Action for Microcystina

The livar has alvays been reported as the organ that showved the
greatest degree of histopathological change vhen animals are
poisoned by these cyclic peptides. The molecuiar basis of action
for these cyclic peptides is not yet understood but the cause of
death from toxin and toxic cells administered to laboratory mice
and rats is at least partially known and is concluded to be
hypovolemic shock caused by interstitial hemorrhage into the
liver (Theiss ¢t al.,, 1988). This work with small animal models
is currently being extended to larger animals in order to study
the uptake, distribution, and me&tabolism of the toxins (Beasley
et al., unpublﬁghtd data). There is evidence to show froms
studies using I-labeled CYGSH-YM (MCYST-YM) that the liver is
the organ for both accumulation and excretion (Falconer et al.,
1988: Runnegar gt al,, 1986a). Brooks and Codd (1987), using c'
labeled MCYST-LR, showed that saventy percent of the labeled
toxin vas localized in the mouse liver aiter 1 min following
intraperitoneal injection of the toxin.

Studies at bot the light and electron microscopic (EM) level of
time-course histopathological changes in mouse liver show vapid
and extensive centrilobular necrosis of the liver with loss of
characteristic architecture of the hepaic cords.
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2 Structure of nodularin (NODLN) produced by Heodularzia
spunigena waterbloom from Lake Forsythe, New lealand and
clcnal isolate L57S froz Lake Ellesmere, New Zealand
(Rinehart g al,, 1988).

Nodularin-M.W. 824
Nodularia spumigens
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Sinuenid endotheliil cells and then hepatocytes show extensivae
fragmen.ation and vesiculation of cell mexbranes (Runnegar and
Falcorer, 1981; For:1ll and Sasner, 198)). Using microcystin-LR
trox M, asrugiposa strain PCC-7820, Dabholkar and Carmjichael
{1987) tound that at both lethsal and sublethal toxin levels
hepatocytes show progressive intracellular changes beginning at
aktout 10 min pontinjection. The most common response to lethal
and sublethal injections is vesiculation of rough endoplasmic
reticulum (RER), swvollen mitochondria, and degranulation (partial
or total loss of ribosomes from vesicles). The vesicles appear
to form from dilated parts of RER by fragmentation or separation.
Affected hepatocytes remain intact and do not lyse. Use of the
isolated perfused rat liver to study the pathology of these
toxins shows similar results to the in vivg work. Berg and co-
wvorkers (1988) used three structurally different cyclic
heptapeptide hepatotoxins (MCYST-ILR: desmethyl MCYST-~RR and
didesmethyl MCYST-RR). All three toxins had 1 simjilar effect on
the perfused liver system although both "RR" toxins required
higher concentrations (5-7x} to produce their effect. This was
consistent with the lower toxicity of the "RR" toxins, which was
about 500 and 1000 ug/kg i.p. mouse compared to 50 ug/kqg for
MCYST~LR.

Ip vitro studies on isolated cells including hepatocytes,
erythrocytes, fibroblasts and alveolar cells continue to
demonstrate the specificity of action that these toxins have for
liver cells (Eriksson gt al., 1987a: Runnegar ¢t al., 1987 and
Falconer and Runnegar, 1987). This has led Aune and Berg (i287)
to use isolated rat hepatocytes as a screen for detecting
hepatotaoxic wvaterbiooms of cyanobacteria.

The csllular/molaecular mechanisam of action for these cyclic
peptide toxins is now an area of active research in several
laboratories. these peptides causa striking ultrastructural
changes in isolatea hepatocytes (Runnegar and Falconer, 1986Db)
including a decrease in the polymserizaticn of actin. This effect
of the cells cytoskeletal system continues to be investigated and
recent work supports the idea that these toxins interact with the
cells cytoskeletal system (Eriksson gt al., 1987b: Falconer and
Runnegar, 1987). The apparent specificity of these toxins for
liver cells is not clear aithough it has been suggested that the
bile uptake system may be at least partly responsible for
penetration of the toxin into the ‘ell (Berg, gt 3l., 1988).

2. Noswing the Cyclic Peptide Hepatotoxins

The hepatotoxins have been called PFast-Death Pactor (Bishop et
al., 1959), Microcystin (Konst gt _al.., 1965), Cyanoginosin (Botes
et al,, 1986), Cyaroviridin (Xusumi et al,, 1987) and
Cyanogenosin (apparently a misspelling of cyanoginosin) (Painuly
et al., 1988). Continued use of this multiple naming system will
create confusion and misunderstanding as more is published on
these cyclic peptides. A number of investigators doing research
on these toxins have therefore propcsed a system of nomenclature
based on the original term microcystin (MCYST) (Carmichael et




al..

1988, Appendix II).

knowr micreccystins are given in Fig. 3.

(MCYST) ©)

csamethyl J-

cesmethyl 3.7-

Fig.

3 Structure of known microcystins (refer also to Table 2).

a. Structure of six microcystins varying only in L-amino
acids and three microcystins with desmethyl portions of

MCYST-AAR! = Lo 2 mCHy RO = A Aé = O
ucvsr-vxn‘-r,.-.n’-agn’-m;n‘-cn,
MCYSTLR A = LaxR =y AP = ag A4 = O,
MCYST-RA' = Leuml=t Ai=AgAé=cH,
ucm-mn'-mnzam,ﬂ.u‘n‘.cus
MCYST-AR R' = Ag R = CHy RO =Arg R4 = CH 4
MCYST-RRA! =Ag R =i RI=agA=cH,
MCYST-RRR' =Arg 2=t RI=Ag R =N

MCYST-YRA! =Tyr 2= CHy R =Arg R4 = CH ,

amino acids 3 and 7

Using this system the structures cf



Microcystin-LR
MW 994

b. Structure of Microcystin-LR, the most commonly fcund
toxin in this group.
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B. WORKSCOPE (Fxperimental Prowgyrams)

1. Culture, Harvesi, Cell Yields, Fiold Sampling, and
Preservation of Toxic Blue-Green Algas (Cyancbacteria)

Annnggn. zlng_ggnng gstrains NRC-525-)17-b-l-e and 44-1-S, and

48IN71iN0o8A strains PCC-7820 and M-228 are being grown
in bulk quantities to provide material for the extraction ~¢
Anatoxin-a(s), Anatoxir.-a, Microcystin-IR and YR, the %toxins
produced raspectively oy these four cyanobacteria. Nodularia
spunigena strain L-57% and Aphanizomenon flos-3aguae strain NH-5-a
are being grown in moderate bulk quantitias to provids material
for toxin analysis. Tventy-five 20-liter flasks with stirring
paddles, and one 90-liter plexiglass cylinder are being used to
grov M, aexruginosa 7820 in a semi-continuous ba%ch culture
system. Two 20-liter Ilasks with stirring paddles and one 130-
liter fiberglass cylinder are bsing used to grown M, aeruzinvosa
M-228 in a semi-continuous batch culture system. N. spumigena ’.-
575 and Aph. flos-aquae NH-S-a are being batch cultured in five
and nine 12-liter bottles, respectively. A, flos-aquag 44-1-S is
being semi-continuoualy cultured in one 20-liter flagk. Two 20-
liter flasks are dedicated to growing another neurotoxic strain
of A, flos-aquae (IG-20) for toxin analysis. Ore 90-liter
computer-monitored fermenter was installed in January of 1988 for
semi-continuous culturing of %525-17-b-l-e.

A. flocs-aquae strain 525-17-b-1-e is being batch cultured in two
200-liter tubs, using room temperaturs conditions. These
fiberglass tubs were preparad for culture by sealing their inside
surfaces with polyurethane. A 5/3" PVC pipe studded with 5
aquariue aerators is wedged lengthwise into the bottom of each
tub. PFiltered room air is used to aerats the cultures (Whatman
12-20 grade filter tubes). Each tub is covered by 2 sheet of
plexiglass elevated slightly above the top of the tub by rubber
stoppers at each corner. Banks of four 4-foot Duro-Test Vita-
Lites (40 watts) are suspended avove each tub. The incident
light passing through the ?loxiglals and reaching the surface of
the culture is 80-100 uE/m‘/s. The medium used is BG-1l. The
medium is prepared by first filling the tubs with deionized water
that has besn filter-starilized through a 0.22 u Millipack 200
filter unit. Nutrient salts are dissolved serarately in 1- or 2-
liter flasks, autoclaved, and then added to the water filled
tubs. Aeration is used to mix the contents, inoculum (12 liters)
is added, allowed to mix, and then the air and light are rumoved
overnight. More inoculum may be added later, depending on the
growth of the culture. The total contents of the tubs are
harvested every threse weaks. The 200 liter contents of each tub
are reduced during harvesting to about 3} liters with a Pellicon
Millipore cell concentrator svstem. Concentration is done in
about four hours, with cell recovery over 95%. If the cells are
healthy and the culture is not lysing, the toxin is retainred
within the cells. The concentrated cslls are freeze-dried and
storsd in a -18°C freezer until they are extracted.
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A, flos-acuyde strain 535-17-b-l-e is also semi-ccontinuocusly
cultured in five 180-liter cylinders at 22-25°'C. These cylinders
are of two types: four have 5/8%" PVC pipes with air holes
drilled into the bottom $§ inches extending the length of the
cylinders: one has custom made aerators mace of plexiglass and
amber latex tubing at the base of the cylinders. Banks ol two &~
foot Duro-Test Vita-Lites (40 wvatts) are suspended beside the
cylinders. The inciden’ light passing through the ;iharglass and
reaching the surface of the cultures is 80-100 uE/a‘/s. filtered
room air is used to aerate the cuituras (Whatzaan 12-20 grade
filter tubes and Millex-FG 0.2 pum filter units). The medium used
is BG-11. Medium and nutrient saits are added to the cylinders
in the same way that they are added to the fiberglass tubs.
Incculum (24 liters) is added and 2llowed to mix. Aluminum foil
around the cylinders is used to regqulate the incident light,
especially during the first 1 or 2 weeks of growth. More
inoculum may be added 2 or 3 days later, depending on the growth
of the cuilture. These cylinders are harvested or.ce per week by
removing 24 liters. Sampling of the cultures is done via a
stopcock at the base of the cylinder, and replacement of che
volume is donc¢ with nterile BG-11 me2ium p_ured into the top of
the cylinder. The 24 liter ez2=gie is reduced to approximately 3
liters with _.e Pellicza Cell Concentrator. The concentrated
cella are freeze-drini and stored.

Since Microcyatis aeruginosa strain 7820 experiences a 3-4 day
lag period when culturcd, it is “emi-continuously cultured in 25
20-liter Bellco Microcarrier Magnetic stirrers. These flask
culturess are kept at 22-25°C. The flasks are illuminated with
Vita-Litas fluorescent bulbs. Cultures in the flasks are aerated
with filtered room air passed through glass aerators. The
aerators are inserted into Consolidated Plastics bulkhead unions
on the left side of the spinner flasks. The stem of the spinner.
flask stirring blade is held by a bulkhead union in the center
cap of the flasks. The right hand cap holds a glass elbow vent
tupe. The culture is sampled and medivm (BG-11l) aseptically
repla~ed through this tube. Various harvest volumes and lengths
of time beatw2en harvests vere compared to find the most
product.ive combination without depressing growth of the culture.
Presently, 8-9 liters are taken once per wcek from each flask.
Initial set-up of the flasks involves autoclaving about 12 liters
of BG-11 medium in each flask and inoculating it with 4 1iters of
log phase culture. Sampling of the cultures and replacement of
volume with sterile media is done by syphuning out the algad and
draining in the sterile media from an alevated 9 litar jar
through the glasi elbow tube. <Calls harveatad from all jars cn a
given date are combined, concentrated, and freeze-dried. Freeze-
dried material is stored at -18°C until it is extracted.

nicrocystis aeruginosa 7820 is also batch cuitured in one 90-
liter plexiglass cylinder kept at 22-25°C. A 1/8" PVC pipe with
air holes drilled into the bottom 6" extsnds the length of the
cylinder. Filtered room air is used to aerate the culture.
Banks cof 40 watt Vita-Lites provide incident light. The medium
used is BG-ll. Sixty-eight liters of sterile BG-11 is added to
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the cylinder by pouring it into the top. This is allowed %o nix
by aeration. Inoculum (12 liters) is added and allowad To mix.
Additional inoculum may be added later depending on the growth of
the cuiture. The total contents of the cylinder are harvested
every 4-5 weeks. The approximately S0 liters are reduced to
about 3 liters, freeze-cvried, 2nd stcored at ~-18°'C. MIicrocysiis
aerugingsa strain M-228 is being grown in one 180-liter cyiinder
which is managed as the other 180-liter cylinders, with BG-11
used as the medium. It is also grown in two 20-liter Bellco
spinner flasks. Again, these flasks are managed as the other 20-
liter apinner flasks.

Presently, A, flom-aguas strains 44-1-s and 1G-20 are being grown
in one and two 20-liter Bellco Spinner flasks, respectively.

Both are managed as the other 20-liter spinner flasks, witn ASM-1
used as the mediunm.

N. spumigsna L-575 and Aph. flcs-aguae NH-5-a are batch cultured
in five and nine l12-liter bottles, respectively. The cultures
are kept at 22-25°C. They are illuminated with Vita-Lite
fluorescent bulbs and aerated with filtered air passed through
glass aerators. Presently, the total volumes of five L-575 12-
liter bottles are harvested every 2-3 weeks. These volumes are
reduced to 3 liters, freeze-dried, and stored at -18°'C. Table 3
arid Table 4 summarize current culture volumes, LD;,'s, and yields
of cells.
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Timeline for culturing and harvesting toxic cyanobacteria.

Timeline involved in growing batch cultures of A, flcs-3aduae
NRC 525-17 in 200-]liter tubs.

About 15 dayse
About 13 days
About 30 days
About 45 days
About 2 hrs/)

Adbout 3 hrs/]

About 2 hrs/)
Tan to twenty
About 21 days

Adbout 4 hours

wks

wks

wks

ain

About 44-43 hours

About 1 hr/3 wks

1)
2;
3)
4)
5)

6)

1)
8)
9)
10)
11)
12)

Growing 25 ml Delong flasks

Growing 1-L Delong flasks

Growing 4-L Delong flasks

Growing 12-L bottles

Cleaning, sterilizing two 200-L tubs

Filter~-sterilizing water for tub
cultures

Preparing media for the tubs
Inaoculating the tubs

Allowing the cultures te grov
Harvesting the tub cultures
Freesze-drying the harvested cells

Bottling, storing, & logging the
dried cells




Tixeline involved in growing seai-batch cultures of A, [.cs-
A34AC HRC-%25~17 in 180-liter cylinders

About 15 days
Abou. 15 days
About 10 days
About 45 days

About 2 hrs/2 mos

About 2 hrs/2 mos

About 2 hrs/2 mos
Ten to twenty =min
About 30 days

About 1} hours

About 44-48 hours

About 1 hr/J) wks

1)
2)
3)
4)
5)
§)
7)
8)

9)

10)

11)

12)

Groving 25 =l Delong flasks
Growing 1-L Delcng flasks
Growing 4-L Delong flasks
Growing 12-L bottles

Cleaning, sterilizing each 180-L
cylinder

Pilter-sterilizing water for the
cylinders

Preparing media for the cylinders
Inoculating the cylinders
Allowing the cultures to grow

Harvesting 24 liters from the
cylinders

F seze-drying the harvested cells

Bottiing, storing, & logging the
dried cells
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Tinveline for growing M, asrugingsa PCC 7820 in semi-batch (20-
liter) and batch (90-liter) cultures

About 45 days 1) Growing inoculum for 20 L & 90 L
cultures

About 2-3 hrs/vessel 2) Sterilizing & settling up the
culture vessels

About 6 hrs/wk l) Preparing media for the 20 L flasks
About 7 days 4) Allowing 20 L cultures to grov
About 4-3% wks S) Allowing 90 L cylinder to grow
About 3 hrs/wk 6) Collecting 8 L from each flask

Aboit 3 hrs/4-5 wks 7) Harvesting ¢ 90 L from 90 L cylinder

About 2 hrs/wk 8) Replacing media in flasks

Fev minutes 9) Replacing media in the cylindcr

About 4 hrs/wk 10) Concentrating the cells from the
flasks

About 2 hro/4-5 wks 11) Concantrating the cells fors the
cylinders

About 44~48 hrs 12) Freeze-drying the harvested cells

About 1 hr/wk 13) Bottling, storing, and logging the
‘ dried cells




1. Tineline for growing semi-batch cultures of ¥, Aerid.i.033 M-233
in 20-liter flasks and in 180-liter cylinders

-- very
and of

sizilar to that of 52%5-17-b-l-e in 18C-liter cyl.nders
7820 in 20~liter flasks

e. Tinmeline for growing batch cultures of L-575 and NH-5-a

About
About
About
About
About
About

About

About

15 days
15 days
30 days
45 daye
2 hours
44-48 hours

1 hr/1 wk

1l hr,/2-3 wks

1)
2)
3)

4)

8)

Growing 25 al Delong flasks
Growing 1-L Delong flasks

Crowing 4-L bottles

Grewing 12-L bottlas

Harvesting total volume of bottles
Freeze-drying the harvestad cells

Bottling, storing, & logging the
dried L-57%5 cells

Bottling, storing, & loggina the
dried NH-5~-a cells

f. Tizeline for growing semi-batch cultures of A, f{.os-aguae
strains 44-i-s and

16-20 in 20-liter flasks

-~ very similar %o that of 7820 in 20-liter flasks with
harvest occurring every two veeks.
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3. Roclonihq of A, flos-aguae NRc-44-1 -- Producer of Anatoxin A.

Single filament isolates from A, fios-aguae strain 44-1-s wvere qone
when it was found that the LDy, had risen greater than 25C and in
some case was non-toxic. Iso?ateb (usually varying in ability to
produce toxin) were made in two w.ys:

1) Isolates weri made by pipetting a few filaments from the
culture onto a clean microscope slide. A drop of sterile
media was added to the colonies; gentle blowing on the drop
through a Pasteur pipet dispersed the colonies. A desired
filament was located in the drop using an inverted compound
microscope. The filament was then drawn into a Pasteur
pipet by capillary action (the pipet tip was tapered on a
flame to allow more accuracy in selecting a single
filament). The single filament was transferred to a second
drop of sterile media, gentle blowing was used to separate
it from any other filaments or debris, and the filament was
again transferred to another drop of sterile media. This
was done two-four times. The selected filament was finally
transferred to a culture tube containing 1-2 mL of sterile
media. Each isolate was coded with the original culture
name (i.e. 44-1-s) and a number designating its position in
the total number of isolates made. Surviving isolates are
currently being cultured and tested for toxicity.

2) Isolates were made by pipetting one drop of culture onto
sterile agar in a petri-dish (ASM-1), which was then spread
out across the surface of the agar. Wwhen the
cyanobacterial cultures appeared on the agar, each
individual colony was transferred to a culture tube
centaining 1-2 mL of sterile media. Each isolate was coded
as in procedure #1. Surviving isolates are currently being
cultured and tested for toxicity.

4. Isolation and Purification of Peptide Hepatotoxins

During the time period of this report 593 mg of microcystin-LR
(cyanoginosin-LR) and 38 mg of Nodularja toxin (Nodularin) were
supplied to USAMRIID (Table 6). the microcystin-LR samples
included 518.3 mg isolated from bloom samples of M. aeruginosa
strain PCC 7820. MNodularin toxin was isolated from laboratory
cultures of N, spumigena strain L57S5.

Consistent toxicities are now being observed with cultures of M.
aeruginosa strain PCC 7820. It has been noted in last year's
report that there had been a partial loss in the toxicity per gram
of cultured cells. The isolation of pure hepatotoxin from cultures
of M. aeruginogsa 7820 has been hampered by the presence of a
contaminating pigment in the isolated toxin fraction. 1In previous
isolations of this toxin pigment contamination was removed during
HPLC chromatography. However, in current isolation procedures the
contaminating pigment co-elutes with the toxin during TPLC
chromatography. Neither a linear gradient of CH.CN in 10 mM
NH,CH,CO0 (0 to 50% over a 60 mii. period in a Wagers Delta Pup
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reversed phase Cl8 column) or an isocratic run of the % CH,CN in
vater succeeded in removing the pigment froa the toxic fraction.
Future attsmpts to separate the pigment vill include the
preferentizal elution of the toxin, or the pigment, from Bond Elute
silica cartridges with increasing concentrations of CH,OH in CHJCI.
Re-chromatography of the toxic fraction by gel filtration on
Sephadex G-25 will also be checked as a method to remove the
pigment from the toxin.

In last year's report it vas noted that the purifisd toxin from N,
asrugincsa strain 7820 consistently shoved an asymmetrical peak on
reversed phase HPLC. In addition amino acid analysis of the toxin
showved two peaks rapresenting both aspartic acid and f-methyl
aspartic acid. The separation of the side peak was improved by
both increased sait concentration and a decrease in pH of the
aqueocus solvent systea. When a mobile phase of CH,OH--50 =M
phosphate buffer (pH 3.3, 6:4), described by Baradi et al. (1988),
was employed two distinct peaks were cbserved (Pig. 4). It should
nov be possible to determine if the side peak repressnts the
demethylated toxin. The purification schemse for the isolation of
the hepatotoxin from N. spumigena is presented in Pig. S.
Preparative scale isolation and shipment of this toxin %o USAMRIID
will be continued.
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Table 6. Cyclic Heptapeptide Microcystin-LR and
Pentapeptide Nodularia Supplied to USAMRIID

(1c/87 - 10/88)

Date Amount (mg)  Source

12/2/87 159.9 Monroe and Akersvatn water bloom
lyophilized cells

3/15/88 75.2 Strain PCC 7820

5/26/88 250.0 Monroe water bloom

8/1/88 18.1 N. spumigena L575

9/2/88 19.6 N. spumigena L575

10/24/88 108.4 Monroe water bloom
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PILS B e
Best Aveil ablo i:a(}s!/

HPLC profile cf MCYST-LR from M. asruginosa PCC-7820
showving side peak (left of large peak). This side
peak is thought to be a desmethyl--MCYST-LR or a
conformational isomer (perhaps in the ADDA portion
of the molecule).

Inject

\
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Figure 5. Purification Scheme for N. spumigena Toxin [Nodularinj

Extract lyophilized cells with 50% aqueous CH,OH stir 16 hrs at
room temperature
Centrifuge 25,000 ;g for 1 hr at 4°C
Re-extract pellet u;til no longer toxic
Combine supernatants an:l air dry to remove CH,OH
Pass supernatant through Analyt;chem Bond Elute C-18 Cartridges
until eluant is non-toxic
Wash Bond Elute cartridges viéh H,0 and elute toxin with 60%
aqueous CH,OH
Air dry tolremove CH,OH
HPLC Linear gradient 0-30% CHSCt: in 10 mM NH,CH,COO0. 60 min
gradient on Waters Delta-Prep. C-18 column
Air dry to‘remove CH,CN
HPLC - isocratic - 26%1CH3CH in 10 mM NH,CH,COO
Air dry to‘renove CH,CN
Desalt with Cc-18 ;ond Elute cartridges
Lyophilize ;luted toxin
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Cooperative studies with the Department of Microbiology, University
of Helsinki, Finland have been undertaken. The facus of thes=
studies i¢ the purification and identification of the toxins
present in toxic blus-grsen algae blooms from the Baltic Sea. The
predominant species associated vith these blooas has been
identified as a Nodularia species (Edler et al. 1985). Amino acid
aralysis of the toxin isolated from these blooms indicated the
presence of three amino acids; glutamate, S-methyl aspartate and
arginine. These results are consistent with the previous
identilication of a toxic pentapuptide found in N, gpumigena
(Carmichael et. al. 1788 and Eriksson et al. 1988). In addition to
the studies on the Nodularia toxin, work on the ourification and
identification of the toxins found in an isolate of a filamentci=
toxic Nostoc from Pinnish freshwaters also initiated. Prelinminary
data indicates the possible presence of six different toxins in
this blue~qreen algae culture.

Amino acid analysis and FAB-MS indicate that these hepatotoxins may
be microcystin-RR, desmeth;l1-RR, di-desmethyl RR, LR, desmethyl LR,
and LP. Additional analysis of these isclated toxins are in
progress. The isolation and purification of the toxic peptides
from an isolate of M, aeruginosa strain M-228 has also been
initiated during this report period. This strain produces both the
LR and YR cyclic peptides.

The LD, of this strain in culture ranges from 50 to 100 mg/kg
(i.p.) in male mice. A flow chart for the extraction and
purification of LR and YR from M-228 is presentsd in Fig. 6. An
HPLC profila of the purified toxins is shown in Pig. 7.
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Figure 6. Purification Scheme for M. aeruginosa strain M228 Toxins

Extract 15 gms lyophilized cells with 1.5 liters of 5% butanol:
20% methanol: :.% water for 5 hrs at room temperature
'
Centrifuge 25,000 xg for 50 min at 4°C
'
Re-extract pellet two more times
}
Combine supernatants and air dry
:
Extract residue with cold methanol
:
Remove polysaccharide by centrifugation
i
Air dry supernatant and dissolve in water
3
Remove particulate material by filtration through Whatman 21
filter paper
!
Pass filtrate through Bond Elute C-18 Cartridges
!
Wash C-18 Cartridge with water and 20% methanol and elute toxins
with 100% methanol
i
Air dry eluant and dissolve residue in methanol containing
SO0 mM acetic acid
'
Chromatograph methariocl/acetic acid solution in TSK gel,
Toyopearl HW 40F
!

Collect fraction eluting at 44 to 68% of column bed volume
) .
HPLC chromatography of Toyo Pearl fraction on a preparative
reversed phase Cl18 column using a mohile phase of methanol/
KH,PO, (pH 3.3, 58:42) (4)
}
Collect LR and YR toxins and desalt on Bond Eiute C-18 cartridges



Figure 7. HPLC profile of MCYST-LR and YR prcduced by =©
Japanese strain of M, aeXugingia M-228.
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2 Zollected, the 3amples were sent via overnitht del .very %2 Tnd
1woorytery.  whan nesslbie, sasples were collacted using Y 3Taniars
1"D.d Xit precared by this ‘anorator? and zailed nriscr %o
sL.rction to the corresponrnding agency. Thesa x1%3 (nc.uded Ine
sLacwWing: 1) two 500 al plastic screw-cap pottles %o col.act
ls:3uatae 3ample for lycchilization and toxicity Testing, 2} T<3 O°
L sCrew-cap culture turfes wi=h 10 aL 3G-11 culture 2ed:um %O
mrance 3urvival of aljae present; 3) two 25 al screw-cap cuLTur?
ises With 10 Al of Lugol's preservative to preserve sacmplias for
(oresccopic examination and iZentificaticn 1in the avent tThe livic?
1=ar1al 13 litered: 4) two empty 15 2L scrow-cap culture Tuces Lo
S..2CT 3anmple for strain 13o0laticn: ara 5) 3lue ce To Keep tne
1"ri2 ccol Jduring return shipment.

‘Tcn raceipt, these kits were iamediately processed. Tha contenis
£ 2ll contalners wWare aicrescopilcally exaamined to confira the
ni%i1al report and to note the differaences, 1 any, azcng the

v wn3, Draserved and nedla-enriched samples. The larje 1.ivirndg

1tp.es Wern lycphilized and the aedia-enriched turesg were slacned

noan ;ncusxtor. THa 23all living sadplas weres rafrigerated urn%: .

T2 oyival strman xaolatxons Jern performed, Wwithin T2 hcursz. Tho
*served samples wera aicrosccoically exanined for identifica%icn
tha jerera, and 1f possiblae, %he species presant.

ticn of the lixely toxigenic algal strains 1n the 32
tated once the tox:cliy of the parant material was ccn
se lntraperitcnezl picassay. These isolat:i:cons vere ger
2irng two methods, core isolates and drcp Lsolates. :

(el

»-

res 1nvolived the following sters: 1) d.ilution of th
@, usually 1:10 or 1:1C0:; 2) incculation of 1.5% sof
(a1xed wizh BF-)1, ASM~1l or -3 nutriant zedia bzicre
1ng) with 9.5 aL of sanmple diluzion; J) sealing of plazes an
:aqc in an incubator for 24-72 heurs; 4) 1dentificat:on and
Xing of individual filaments or colonies on -he plates by Use 3|
‘nvnrted Aaicrecsccpe: 5) 1solatiocn of the core cf scit gar
ntaining the colony or filament by suction-drawing 1nto a fine-
:ced sterile pipette; and 6) incculaticn of 2Znhe ccre 1nts a small
iture tube wi-h 2 al of 3terila 37F-11, AS3M4-1 or -3 -udia /3ee
bla 35).
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Isolation by drops involved the following steps: 1) pipetting of a
drop »f dilute sample onto a sterile microscope slide:; 2) placing
of two separate nonconfluent drops of sterile media upon the saze
slide: 3) draving up of a single colony or filament from the
dilution sample into a flame-tapered ‘ine tipped pipetta; 4)
inoculation of the cuvlony or filament into a drop of media; 5)
successive transfer of the single fiilament or colony toc the third
drop of media; and §) inoculation of the single filament or colony
from the third drop irto a saall culture tube with 2 alL of either
BF-11, ASM-1 or 1I-8 media.

Once the single filament or colony tubes were incculated by either
core or drop isolaSiop they ware placed in an inrcubator under 40-
60 u m0l photons m ‘s at 24°C. The tubes wvere examined at reqular
intervals for macroscopic evidence of growth, which if evidenced,
was followed by microscopic examination, to confira that the alga
growing wvas the isolate of interest and not a contasinant. If the
strain was growing free of contamination, it was given a name based
upon tliis laboratory's nomenclature and then successively cultured.
Once a sufficient quantity of cells is obtained, lyophilization of
the cells wvas performed so that a mouse biocassay could confira the
toxicity or nontoxicity of the isolated strain.

Laboratory nomenclature of a strain involved the assigning of a two
or three letter designation utilizing all upper case letters. The
first one or two letters indicated the U.3. state or Canadian
province (i.e. ] for Illinois, BC for British Columbia) and the
successive letter indicated the body of water, or the city nearest
that body of water from which the bloom material wvas collected
(i.e. § for Hower Lake, ¢ for Charlie lake). Then, as each

unialgal isolate was confirmed, that isolate wvas given a

designation incorporating the letter designation from the parent
strain followed by a hyphen and a numerical suffix. Thus, a
hypothatical fourth unialgal isolate from Charlie Lake, British
Columbia would be designated BCC-4. If field collection has a
pravious strain epithat, that previous designation was used.

Table 7 summarizcs the field sample data for the eight samples
received: collection source, strain desijnation, date of
collection, reason €or collection, LD-50 toxicity by mouse
bicassay, genera described by microscopic examination, number of
core isolates and number of drop isolates.

b. Maintenance and preservation of field and culture strains of
cyarcbacteria.

A total of 68 strains of cyanocbacteria were maintained throughcut
the year by transfer of the unialgal culture into fresh media at
four week intervals. These cultures were maintained in dugplicate
in 25 ulL screw-cap culture tubes incubated at 40 7 mol photons n?
s and 24°C. The strains include various toxic and non-toxic
representatives of the following genera: Anabasna (35 strains),
Microcymstis (12). Anacystia (3), Pasudanabaena (S)., Aphanizomenon
(3}, Lyngbya (3), Qscillatoria (3), Calothrix (1), Plectonema (1),
Schizothrix (1) and Synechocystis (1). Each strain was maintained
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in the medium or media among BG-11, ASM-1 or Z2-8 in which growth

was optimal.

Upon set-up of the liquid nitrogen cryogenic storage unit, the

process of freezing all of the 68
they are isolated was initiated.

As of 31 Ociober 1988,

above strains and new strains as
57 of the

68 strains, plus three strains from an earlier freeze study were

stored in the unit at a maximum of -123°C (=120 K).

These 60

strains were prepared for cryogenic storage April through August

1988 by the following procedure:

1) centrifugation of the sample

of log-phase culture for 1-2 minutes until pellet formation: 2)
removal of pellet by pipette; 3) addition of equal amount of
sterile Bf-11 media to pellet; 4) drawing up of 10 uL aliquots of
pellet-medium mixture by micropipette; 5) freezing of 10 ulL aliquot

by placing in a sterile beaker of
frozen pellets by sterile tweezer
7) placement of vial in cryogenic

Throughout the year, slants, agar
cgltures were received. A sample

is aeruginosa UV-027 (an

liquid nitrogen: 6) transfer of
into cryogenic storage vial:; and
storage unit.

blocks or tubes of various
of the laboratory strain
Isralie strain producing MCYST-

RR) has been grown on agar and will be added to the list of strains

maintained and preserved.
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6. Enzyme Kinetic Studies with the Anticholinesterase Toxin

ANATOXIN-A(S) from Anabaena flos-aguae NRC-525-17.
a. Prote~tion studies.

Anticholinesterase (anti-ChE) agents inhibit acetylcholinesterase
(EC 3.1.1.7, AChE) in a reaction outlined in Scheme I:

3 k k
EOH + IXem—=> EOHIX~——c> EOI—>- EOH + HOI
K_; HX H,0

where EOH is AChE, IX is the inhibitor either a carbamate or an
organophosphate, [EOHIX) is a reversible complex, EOI is the
covalently modified enzyme, IOH and HX are the hydrolyzed
inhibitor and its leaving group, respectively. The rate
constants, k; and k_, define the affinity of the inhibitor; K,
defines the rate at which the inhibitor binds and k, is the
hydrolysis rate constant (Main, 1980). In protection studies,
the aim is to: (1) halt the formation of the enzyme-inhibitor
complex and (2) by the use of appropriate agents, the
characteristics necessary for binding of inhibitor may be
determined. In the case of AChE, the active site is composed of
two subsites, the anionic and the esteratic subsite which axe
surrounded by regions of hydrophobicity (Wilson and Quan, 1958;
Rosenberry et al., 1974). By the use of substrate and site
specific reversible inhibitors (noncovalent modifers of AChE),
the two points above can be determined.

The agents chosen for this study were acetylcholine (AcCh),
tetramethylammonium iodide (TMA, a reversible inhibitor of the
anionic site) and physostigmine (Phy, a reversibie covalent
modifier of the esteratic site). AChE was incubated for two
minutes with increasing concentrations of ANTX-A(S) alone or in
the present of ACh, TMA or Phy (Galli et al., 1985). Percent
inhibition vs ANTX-A(S) concentration curves were constructed
after the incubation period except for Phy which was extensively
dialyzed against 100 mM sodium phosphate buffer (pH 8) to remcve
the carbamate group from the esteratic site. Enzyme activity was
monitored by the Ellman assay (Ellman et al., 1961) and all
experiments were done in triplicate. Diisopropylfluorophosphate
(DFP) was used as the control anti-ChE. Figure 8 to 12 show the
results of the ACh, TMA, and Phy experiments. They show that all
compounds protect the enzyme, with Phy being better than TMA at
approximately equal concentrations. This suggests that ANTX-A({S)
has a structural component that recognizes the domains of TMA and
Phy with the nucleophilic attack directed at the esteratic site.

Reactivation.

When organophosphates react with AChE, a covalent adduct is
created that cannot be hydrolyzed by the weak nucleophile, water.
Depending on the .nzyme source (electric eel, human erythrocyte,
etc.) and the nature of the alkyl groups attached to the
phosrhorus atom (methyl, ethyl, isopropyl), spontaneous
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reactivation may occur with the regeneration of the active enzyme
taking hours to days (Reiner, 1971). Wilson (see Main, 1980)
first used hydroxylamine as a reactivator of diethylphosphoryl-
AChE and found that the half-life to full enzyme activity could
be decreased by a factor of 500 by the use of hydroxylamine.
Wilson (1959) synthesized pyridine-2-eldoxime methiodide (2-"2ANM)
based on studies of molecular complimentarity between the enzyne,
substrates and inhibitors. 3ince then, other reactivators have
been synthesized that vary in potency but are based, to some
axtent, on the structure of 2-PAM (Main, 1980). Mahmood and
Carmichael (1987) provided evidence that ANTX-A(S) was an
anticholinesterase and proposed that it behaved in a manner
analogous to organophosphate inhibition of AChE. These
experiments wvere initiated to determine if the adduct formed by
ANTX-A(S) could be removed by the nucleophilic reactivators of
phosphorylated AChE. If no reactivation is seen, two conclusions
can be drawn. Some organophosphates undergo dealkylatior of one
of the two alkyl groups attached to tne phosphorus in a reaction
termed ageing (Main, 1980). Wwhen an organcphosphate ages it is
highly resistant to reactivation, either spontaneocus or induced.
The other possibility is that the agent is not acting at the
esteratic site and therefore the reactivator is useless. This
conclusion can be validated by the protection studies outlined
above. In this study, paraoxon (an easily reactivatible
organcphosphate, DFP (ages at a slow rate) and ANTX-A(S) were
used to inhibit electric eel AChE to approximately 95%. The test
reactivators were 2-PAN and TMB4 at either 1 uM or 1 mM final
concentration. AChE vas incubated vith either paraoxon, DFP or
ANTX-A(S) for four minutes and then either 2-PAM or TMB4 was
added and aliquots removed over time for 24 hours (Kenley et al.,
1981, 1984). The results of this study (Fig. 13 to 16) indicate
that ANTX-A(S) is rasistant to reactivation as compared to either
paraoxon or DFP although with 1 mM TMB4, there vas a significant
amount of 'spontanecus' reactivation seen with ANTX-A(S) that did
not proceed farther than this initial amount.

In Vivo Protaction.

Once an animal has been poisoned with an anti-ChE, the object is
to relieve the symptoms produced by e-cessive cholinergic
stimulation and to reactivate the in._)ited enzyme. Many authors
have shown the efficacy of the oxim« veactivators and the use of
carbamats pretreatment to aither alleviate or subdue the symptoms
of cholinesterase poisoning (Albuquerque et al., 1985;: Deyi et
al., 1981; Harris et al., 1984; Koelle, 1948; Lennox et al.,
1985; Shiloff and Clements, 1985). This study looked at the
effects of atropine sulfate and TMB4 or 2-PAM given alone or in
combination on the lethality of 49 ug/kg ANTX-A(S). ICR Swiss
male mice (15 to 20 grams) were given free access to food and
water. The dose of ANTX-A(S) produced 100% mortality. The
experimental dosing consisted of injection of ANTX-A(S) followed
by a saline blank, atropine, 2-PAM, TMB4 or atropine and 2-PAM
(or TMB4). 2-PAM at 35 mg/kg and 10 mg/kg atropine sulfate
injected just after ANTX-~A(S) lead to 60% mortality whereas 2-PAM
and atropine sulfate given 30 minutes prior to ANTX-A(S)




injection lead to 100% mortality. 2-PAM or TMB4 at 14.3 mg/kg
and 10 mg atroginc sulfate lead to 100% mortality. Physostigmine
at 0.2 mg/kg given 30 minutes prior to ANTX-A(S) lead to 40%
mortality although the animals showed signs of cholinesterase
poisoning with labored breathing and generalized shaking
predominating (rig. 17).

b. Receptor Effects.

Anti-ChE agents along with their inhibition of cholinesterase,
also have direct effects on predominantly nicotinic but alsoc on
muscarinic receptors. As a class, the carbamates have the
strongest interactions with the nicotinic acetylcholine receptor-
ion channel complex and the organophosphates producing similar
effects (Albuquerque et 2l1., 1984; Fredriksson and Tibbling,
1959; Pascuzzo et al., 1961;: Yamada et al., 1982). To probe the
nicotinic effects of ANTX-A(S), the frog rectus abdominus muscle
preparation vas used. First, determination of lethality of ANTX-
A(S) in the frog was determined. ANTX-A(S) was administered by
stomach tube, percutaneously, and by injection into the dorsal
lymph sac or intraperitoneally. Only intraperitoneal injection
proved lethal and the LDy, was determnined to be 281.25 ug/kg (1
uM). In the isolated nusc?e experiments, dose-response curves
wvere generated with ANTX-A (a potent nicotinic agonist) before
and after the muscle wvas exposed to ANTX-A(S) for 10 minutes.
ANTX-A(S) at concentrations of 1 and 10 uM (Fig. 18 and 19) did
not stimulate the muscle to contract nor block the ANTX-A induced
contraction. It is concluded that ANTX-A(S) devoid of nicotinic
activity.

To probe for muscarinic activity, two experimental procedures
were used. To determine functional effects, the denervated
guinea pig ileum was used and rat forebrain homogenate was used
to look at receptor binding using the technique of Yamamura and
Snyder (1974). Segments of ileum were denervated by
refrigeration under a nitrogen atmosphere in 10% glucose-Tyrode's
solution for 24 hours. The segments were suspended in a 20 ml
organ bath, warmed to 37°C and contraction height vs. bethanechol
(muscarinic agonist that is not hydrolyzed by AChE) concentration
curves generated. After the control curves, the ileal segment
wvas subjected to either a ten minutes incubation with ANTX-A(S)
followved by repeated washings for ten minutes or being exposed to
ANTX-A(S) just prior to being exposed to bethanechol and the
bethanechol dose-response curve repeated. Figure 20 and 21 shows
the dose-dependent decrease in bethanechel elicited contractions
after treatment with ANTX-A(S). The results show a functional
antagonism of the muscarinic receptor although the mechanism is
unknown. Figure 22 shows the effects of DFP on the ileun.
Replotting the data as the recipercols analogous to the
Linewveaver-Burke transformation indicates that ANTX-A(S) does not
compete with bethanechol at the muscarinic receptor. Pretreating
the ileal segment with atropine (10 °"M) (Fig. 23) before exposure
to ANTX-A(8) eliminates the ANTX-A(S) effect. Pretreating the
muscle first with ANTX-A(S) and then atropine (Fig. 24) shows a
slight shift to the right of the atropine curve suggesting a



-47-

synergistic action, although the significance of the result is
unknown at this time.

Examining ANTX-A(S) effect at tle receptor level shows that
coincubating ANTX-A(S) with QNB produces no change in QNB binding
at the muscarinic receptor but preincubating ANTX-A(S) with the
receptors for 5 minutes and then incubating with QNB shows an
ANTX-A(S) dose dependent decrease in QNB binding. This points
again to a 'non-competitive' mechanism by which ANTX-A(S) binds
to muscarinic receptors.

Fukuda et al. (1988) have shown that potassium channels are
linked to muscarinic receptors and are activated upon agonist
binding. In the frog semitendinosus muscle in a chloride free
solution, sembrane potential is generated by potassium channel
activity. ANTX-A(S) exposed to the muscle vhile recording
membrane potential with an intracellular aicroelectrode did not
change the membrane potential or interfere with the potassium
channel as determined by subsequent depolarization of the muscle
by barium ions (potassium channel blocker).

pH Stability of ANTX-A(S).

In the isolation, purification and analysis of ANTX-A(S) various
pPH levels are reached and the effect of these levels is unkncwn
on the inhibition of degradation of ANTX-A(S). Equal amcunts of
ANTX-A(S) were put into three tubes of 100 mM sodium phosphate
buffer: pH 3, pH 7 and pH 12. 1Inhibition was determined by
incubating ANTX-A(S) and AChE for two minutes and determining
enzyme activity with the Ellman assay. Percent Inhibition
(determined in triplicate) vas determined once a day for five
days and at 30 days. At pH 3, ANTX-A(S) is stable throughout the
whole time period, at pH 7 there is approximately 7% decrease in
activity and at pH 12 within the time frame of the day-one assay
(=30 seconds) there is 90 to 95% decrease in the inhibition as
compared to pH 3. This level remained constant throughout the
experinent (Pig. 25).

c. Sw.iary.

ANTX-A(S) is an active site directed anticholinesterase that is
resistant to in vivo and in vitro reactivation. ANTX-A(S) has no
activity at nicotinic receptors and appears to be a non-
competitive ant~~onist of muscarinic receptors.
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Fig. 12. Physostigmine protection of electric ee]l ACHL fros OFP
and Antx-a(s).

Enzyme was incubated with buffer or 10N Physostigmine
for )0 minutes then trested for 2 minutes with buffer, 2
un OFP or 0.0) uM ANTX-A(S) then dialyzed agajinst 100 aM
sodius phosphate buffer, pH 8 for 7 hours before
activity was determined.

Symbols: A: contro) entyme sctivity after dialysis
d Oo - 6: recovery of entyme -oo:_nx after 30
minutes fncubation vith 10°M Physostig-
sine and dislysis.
C: 2 uM DFP inhibited enzyme after dialysis
Oo - D: 0.03 uM ANTX-A(S) inhibited enzyme alter
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then auN OFP before dialysis
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fig. 10. Probe of muscarinic activity ANTX-A(S) on isclated,
denarvated guinea pig Lleum. Symbols: (D) control
bethanechol dose-response curve;: ( 4 ) wmuscle pretreated
Vith 0.1 M (0.67 »g/20 mls) ANTX-A(S) for 10 minutes
Before each dethanechol dose: (o) suscle given ANTX-
A(S) just prior to bBethanechoi. The results are the
sesn ¢ SEN for ot least eight experiments.
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7. Studies oﬂ Toxin Production in Cyanobacteria

a. Background Information:

Microcystis asruginosa, a planktonic blue-green alga
(cyanobacterium) has been reported toxic to mammals in many
countries. Differences occur in the reported composition of the
toxin, but in each case, the pathological symptoms have been the
same (i.e. enlarged livers and short survival times).

The genetics of toxin production in Microcystis and other
cyanobacterial strains have so far received little attention.
From the toxic Microcystis aeruginosa colonial isolate NRC-1,
Gorham (1964) isolated both toxic and nontoxic clones which
indicated the genetic heterogeneity of toxin production. Vance
(1977) suggested that toxin produced in Microcystis aerxruginosa
strain NRC-1 may be the result of lysogenic conversion of toxin
strains. In Apabaena flos-agquag NRC-44-1, the toxicity was not
lost after treatment with acridine orange, hence it was concluded
that its toxicity was not controlled by extrachromosomal elements
(Kumar and Gorham, 1975). However Hauman (1981) applied several
compounds, which eliminate plasmids from other prokaryotes or
select for plasmid free cells, to a South African strain of M.

(WR70), with a consequent decrease in toxicity. These
findings implicated plasmids in toxin formation by strain WR70,
although plasmid visualization in extracts of this strain was not
reported. Vakeria et al. (1985) reported on toxicity of strain
PCC-7820 cured from its plasamids, but again the absence of
plasmids had not been vigorously demonstrated. Plasmids may
still be present in very low copy numbers. Furthermore it is
possible that the plasmids become integrated into the chromosomal
DNA (Daniell et al. 1986). Schwabe et al. (1988) reported the
detection of plasmids in several toxic strains of

. Two strains of M. aeruginosa (HUB-5-2-4, HUB-063)
harbored plasaids of 2.9 kb and 16 kb plasmicds. One of the toxic
strains SAG 14.85 (NRC-1) did not contain any plasmid. 1In
contrast to this Vakeria et al. (1985) reported the presence of

3-4 plasmids in M. aeruginosa PCC-7820.

In order to understand toxin production, both quantitatively
and qualitatively it is necessary to study the presence and
possible role of plasmids in M. aeruginosa. The cultures grow
slowly in the presence of plasmid curing agents, indicating the
adverse effects of these chemical agents on algal cells.
Moreover the plasmids integrate into chromosomal DNA through
homologous recombination (Wilson and Morgan, 1985: Daniell et
al., 1986). Exchange of genes between plasmid and host
chromosome during transformation has also been well documented
(Lopez et al., 1982). 1In studies conducted using plasmid curing
experiments (Vakeria et al., 1985; Hauman, 1981; Kumar and
Gorham, 1975), the plasmid may be integrated into chromosomal DNA
and still the toxic polypeptide may be expressed. So further
experimentg are needed to confirm the role of plasmids in toxin
production in M. aeruginosa which will aid in studies on growth
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and toxin production aimed at stabilizing production and yields
of these secondary chemicals.

b. gQurrent Status of the Project:
Plasmid Isocl:tivi

The hepatotoxin producing strains M. aeruginosa PCC-7820, H.
aeruginosa M228, Nodularia L-575 and Anabaena flos-aguae S-23-g-
l-c are being used to isolate plasmids. The plasmids from the
above strains were isolated using the method of Lambert and Carr
(1982) vi&h modifications as follows. Twenty-five mls of cglture
(2-5 x 10" cells/ml) was centrifuged at 10,000 rpm for 10 min.
The pellet was suspended in SE buffer (0.12 M NaCl and 0.05 M
EDTA, pH 8.0) for 30 min. The cells were centrifuged and washed
in 20 ml of lysis buffer (25 mM Tris, pH 8.0, 10 mM EDTA and 50
mM glucose). The final pellet was resuspended in 2.0 ml lysis
buffer. Two ml of lysozyme solution (50 mg/ml) was added to this
mixture and incubated at 37°C for one hour. Later 2.0 ml of 10%
sodium laurel sarcosine was added and incubated at 50°C for 1 h.
Six ml of 5 M NaCl was added and kept on ice for 2-3 hrs. The
whole homogenate was centrifuged, at 17,000 x g at 4°C for 20
min., to remove chromosomal DNA and cell debris. The clear
lysate was phenol extracted three times, chloroform extracted
twice and the DNA was ethanol precipitated. The next day DNA was
pelleted after centrifugation at 12,000 x g for 20 min., washed
once with 70% ethanol and the pellet was air-dried and then
resuspended in minimal volume of TE (10 mM Tns, 1 mM EDTA, pH
8.0) buffer.

1 Electroml . ) Visualizati e DNA:

Plasmids were separated using horizontal 1% agarose gel
electrophoresis, followed by straining with ethidium bromide. M.
aeruqinosa PCC-7820 had 2 plasmids of sizes 3 and 16 kb. whereas
M. aeruginosa M228 had 2 plasmids of sizes 2.9 ad 8.0 kb. These
results are consistent with the results of Schwabe et al. (1988)
who found the same set of plasmids in PCC-7820 and PCC 7813 (2.6
and 16 kb) and HUB-5-2-4 and HUR-063 (2.9 and 8.5 kb). However,
as yet, in Nodularia and Anabaena, we can not detect the presence
of any plasmids.

In the above experiments, the cells form the stationary phase
cultures were used for plasmid isolation. However these
experiments will be repeated using log phase cultures, since
these cultures tend to give higher copy numbers and better
plasmid yields.

C. Future Work:

Purification of plasmids from agarose gel electrophoresis

The plasmids from Microcystis aeruginosa PCC-7320, and M228
will be separated on 0.8% agarose gel electrophoresis. The
agarose gel piece containing the plasmid is excised and placed in
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a dialysis bag with buffer. Electrophoresis causes DNA to
migrate out of the gel into the dialysis bag buffer. The
fragment is recovered in this buffer and purified from )
contaminating material using SS~phenol/chloroform extraction.

In vit licati t plasmids:

This experiment will be done to check whether the plasmids
isolated from M. aeruginosa PCC7820 and M228 will replicate
autonomously in another cyanobacterial strain Sypechocystis. The
experiment will be done following the method of Li and Kelly (1984).

The standard replication reaction mixture contains the
following in O.} ml: 30 mM Hepes (pH 7.5), 7 =M MgCi,, C.5 mM
DTT, 100 uM (a-32P) ACTP (specific activity, 3000-&¢7% cgs/pmol),
100 uM dATP/dGTP/ATTP, 200 uM GTP/UTP/CTP, 4 mM ATP, 40 mM
phosphocreatine, 10 ug of creatine phosphokinase, 250 ng of
plasmid DNA and 60 ul of cyanobacterial clear cell extract.
Reactions are incubated at 37°C for various periods and then
stopped by adjusting the reaction mixtures to 15 mM EDTA, 200 ug
of proteinase K/ml, and 0.2% SDS. After incubation for 20-30 min
at 37°C, the solution is extracted once with phenol, desalted by
gel filtration on superfine Sephadex G-50 (Pharmacia), and
extracted once with chloroform, and the DNA is precipitated with
ethanol. The deproteinized reaction is electrophoresed through
1.5% agarose gels and then autoradiographed. The autoradiogram
will give the information on the topological isomores of the
plasmid templates.

Transformation of Synechocystis with plasmid DNA isolated
c Mi ti : Poc=7 1 . | :

Transformation of Synechocystis cells with plasmid DNA will
be done following the method of Daniell et al. (1986). Cells or
permeaplasts prepared by 2-hr treatment with lysozyme/EDTA are
immediately used for transformation. To 1.0 ml of permeaplasts
or cells, 1 pg of donor plasmid DNA (in 10 mM Tris/1 mM EDTA, pH
8.0 at 25°C) is added, and the suspension is incubated for
different durations in sterile culture tubes on an illuminated
. ~rizontal test tube shaker at 32°C. Samples will be plated in
triplicate with a series of 2-fold serial dilutions to quantify
transformants.

The transformed Synechocystis cells will contain plasmids
from M. aeruginogsa. The plasmids will be isolated from these
strains and separated using 1% agarose gel electrophoresis. The
plasmid profiles will be studied to see whether the transformed

cells harbor M. aeruginoga plasmids.

Test for toxicity:

, both untransformed and transformed cells will
be used for mouse bio-assay. If the plasmids code for the
synthesis of hepatotoxin, the transformed Synechocystis cells
will be toxic to mice.
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C. SUMMARY

“oxic wvaterblooms of freshwater cyancbacteria are unpredictable
and intermittent in occurrence. They are most often found in
temperate latitudes and occur in shallow inland reservoirs, lakes,
ponds, rivers, and sloughs. Cases of blue-green algae toxicosia
have been verifisd in every continent except Antarctica. They are
particulariy abundant and increasingly recognized in the inland
water bodies of Central/Zastern BEurcpe, Westarn Asia (Ukraine),
Snutheast Asia/India/Japan, Southern Africa, South America and
North Amarica. An increasing number of thesa cases involve human
contact vith toxic blue~green algae; although at this time no
confirmed deaths due to the toxins have been reported. Toxin
groups include alkaloids, pepticdes and contact poisons. The
alkaloids currently include anatoxin-a (a depolarizing neuro-
muscular blocking agent), anatoxin-a(s) (an irreversible
anticholinesterase), and aphantoxin-I and II (equivalent to
necsaxitoxin and saxitoxin, the major paralytic shellfish toxins).
Peptide toxins are a family of cyclic hepta- and pentapeptides with
similar activity. They primarily act as hepatotoxins, causing
hepatocyte disaggrsgation and death by hemorrhagic sheo~k. The
contact toxins are at present poorly understood but cu “ent
information suggests they are not related to the other blue-green
toxins. All of these toxins represent potential threat agsnts
because they are: 1) water soluble and orally toxic: 2) accumulate
in high concentrations (algal blooms) making them relatively easy
to collect and process into highly concentrated crude toxin
preparations.
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This report represents work supported by USAMRDC during the
period Novembar 1, 1987 to October 31, 1988. The contract
continues to contribute directly to the establishment of a culture
facility which is supplying ressarch level quantities of known
freshwater blue—-green toxins. Cyclic peptide toxins are being used
for basic investigations leading "o an understanding of structure,
function, and detection methods for these toxins. This contract
supports the culture facility (which is in turn, providing material
for the inhouse projects at USAMRIID) and allows further work on
other freshwater blue-grsen algal toxins.
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E. APPENDICES

Appendix I

lstudies on Anatoxin-A(s) from

Anabaena flos-aquae NRC-525-17-b-1-e:
Optimized Extraction/Purification Scheme

Patti M. Thorn

sontents

1. Overview

2. Materials and Methods

a. Extraction of Anatoxin A(s)

b. Purification

c. Qualitative detection

d. High performance liquid chromatography
e. guantitating yield
f. H NMR spectral analysis

3. Results and Discussion

1. Qverview

The major focus of this research was to: (1) improve the
extraction of anatoxin-a(s) from lyophilized Anabaena flos-aguae
cells; (2} improve the subsequent purification scheme, and finally;
(3) develop an alternative to the mouse bioassay for gualijtative
detection of anatoxin-a(s).

Enhanced extraction required the introduction of a
water/chloroform and water/butanol partition scheme to facilitate
pigment removal prior to toxin application on ODS (c-18) cartridges
(method 2). Additionally, bulk ODS packed to a 10 ml capacity,
allowed larger applications of crude toxin extract. Enhanced toxin

1Supported in part by subcontract to W. Carmichael from
Univ. of Illinois contract DAMD-17-85-C-5241. This contract
ended on August 31, 1988.
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recovery during purification vas accomplished by the addition of a
trituration sequence vith acidified methanol and subsequently with
acidified ethanol (method 2). This sequence effectively removed
toxin from a methanol-insoluble precipitate wvhich forms following
drying of the eluted toxin from ODS (C-18) cartridges. TSK gel
Toyopearl (with 0.0%5 N AcCH/MeOH) provides an efficient separation
mathod of the toxic portion from the crude extract prior to final
purification by HPLC.

In order to avoid the addition of basic salts during HPLC
purification and concomitantly ceduce deterioration of the alkali-
sensitive anatoxin-a(s), both problems inherent to the 10 =M
ammonium acetate HPLC scheme {method 1), a prefersntial HPLC method
was developed. The msthod employs a preparative CN column and
isocratic toxin elution with 1% AcOH mobile phase.

For the qualitative detection of anatoxin-a(s), a modified
acetylcholinesterase inhibition assay wvas developed. This assay
provides an alternative to the mouse bicassay. It is a rapid,
biochemical method for location of the non-purified toxic component
from a crude extract, with a detection sensitivity of less than 100

ng.

Utilization of the optimized extraction/purification scheme
described in this report (method 2) has led to a four-rold
increased recovery of purified anatoxin-a(s) over yields reported
using method 1, and a 28-fold increased recovery of anatoxin-a(s)
over yields reported in the 1986-87 annual report. Presently, an
average value of 0.,29 mg toxin per gram of lyophilized cell
material is obtained.

2. Isolation of Anatoxin-A(s)
A. EXTRACTION

Susmaries of anatoxin-a(s) e<traction/purification schemes from
Anabaena flos-agquag NRC-523-17 are outlined in Pigs. 1 and 2.

Method 1 represents a variation of the protocol described by
Mahmood (Annual Report, 1986-87). Toxicity of lyophilized cells to
be extracted is S 100 mg/kg. Ten grams of lyophilized cells are
routinely extracted in 25 volumes of 0.05 N ACOH/EtOH (pH 4) for 3
hrs at room temperature. The primary extraction is followed by
centrifugation at 10,000 rpm for 50 min at 4°C. Extraction of the
resultant pellet is repeated until toxicity is not detected using
the mouse bicassay. Resultant supernatants are combined, air-dried
and then reconstituted in 30 =l of acidified water (pH 4).
Centrifugation at 5000 rpm for i5 min removes cellular debris prior
to ODS (C-18) bond eluting. The crude toxin extract is locaded on
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Figure 1. Schematic of Method 1 extraction/purification for
anatoxin-a(s).

Lyophilized cells extracted in 25 volumes of 0.5 N AcOH/EtOH
(pH 4)
i

Centrifuge 10,000 rpm; 50 min.; 4°C
3

Test pellet for toxicity
(mouse biocassay)
'
Air-dry supernatants:; reconstitute in
30 ml acidified water (pH 4)
i

Centrifuge 5000 rpm; 15 min.
]
Supernatant applied to ODS cartridge
!

Air-dry squeous eluant; reconstitute in
MeOH (0.05 N AcCOH)
!

TSK gel Toyopearl HW4OF
i

Determine toxic fractions
(mouse biocassay)
i
Air-dry combined toxic fractions
]

Analytical HPILC
(CN column; 10 mM ammonium acetate)
:
TLC
'

Quantitation
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Figure 2. Schematic of Method 2 optimized extraction/purifica-
tion for anatoxirn-~a(s).

Lyophilized cells extracted in 25 volumes of 0.0% N ACOH/EtOH
(pH 4)

Centrifuge 1o,ooo‘rp-: 50 min.; 4°C
Evaporats to ‘d:yncu: 28°C
cnlorotatn/aut:nol extraction
Evaporate to ‘dtynm: 28°C
Trituration - twic.‘in 0.05 N AcCOH/MeOH

- once in 0.05 N ACOH/EtOH
oDs ca;tridq.
Evaporate to ;xynnsl: 28°C
TSK gel Toy;p.arl HW40PF
Evaporate to‘;ryncss: 28°C
Sui-pnpc;ativo HPLC

(CN column; 13 AcOH)
}

Quantitation




ODS cartridges (Baker SPE and Analytichem Bond Elut). The sorbent
is washed with 2 ml of methanol and 5 ml of water prior to toxin
extract loading. Aqueous eluant is collected, air-dried and
reconstituted in 3-4 ml of 0.05 N AcOH/MeOH in preparation for TSK

gel Toyopearl chromatography.

Using method 2, which represents an optimized extraction
protocol, ten to thirty grams of lyophilized cells are extracted in
25 volumes of 0.05 N AcOH/EtOH (pH 4) for 3 hrs at room
temperature. The primary extraction is followed by centr.fugation
at 10,000 rpm for 50 min at 4°C. Extraction of the resultant
pellet is repeated three times in the same manner. Combined
extracts are evaporated to dryness at 28°C using a Buchi 011
rotavapor. To facilitate pigment removal the extract is
partitioned between equal volumes of water and chloroform.
Following separation, the agqueous layer is re-extracted with an
equal volume of chlorofora. After separation, the chloroform
layers are combined and partitioned with 20 ml of water to remove
toxin (approximately 2% of total) which remaing in the organic
phase. The resultant agqueous phase is combined with the initial
aqueous layer, and extracted twice with an equal volume of n-
butanol. Combined butanol layers are then partitioned with 1% AcOH
(in water) to remove toxin (approximately 4% of total) from the
organic phase. Aqueous phases are combined, evaporated to dryness
at 28°C and residual acetic acid is removed by azeotrophic
evaporation with toluene. Due to the presence of a methanol-
insoluble precipitate, the toxic fraction is triturated three times
with 20 ml of 0.05 N AcOH/MeOH, and the precipitate is discarded.
the extract is evaporated to dryness and further triturated with 10
ml of 0.05 N AcOH/MeOH and 10 ml of 0.05 N AcCOH/EtOH. Following
evaporation, the crude extract is loaded on cartridges containing
10 ml of 120 A ODS (C-18) (Yamamura Chemical Laboratories Co.,
LTD., Kyoto, Japan). The sorbent is washed with 10 ml of methanol
and 20 ml of water prior to toxin extract loading. Following
application of toxin to the cartridges, aqueous eluant is collected
and evaporated to dryness. In preparation for gel chromatography,
the extract is reconstituted in 8-10 ml of 0.05 N ACOH/MeOH.

B. PURIFICATION

TSK gel Toyopearl HW40OF (Supelco Inc., Bellefonte, Pa.) is
prepared by rinsing with water and equilibrating in 0.05 N
AcOH/MeOH. The column is slurry packed to a 500 ml bed volume.
The toxin extract is applied to the column which is then run as a
gravity flow system. Column effluent monitored at 230 nm is
collected in fractions of 6.2 ml using a Gilson fraction collector
(model FC-80K). The toxic fraction generally elutes at 48-55
percent of the total column bed volume. Figure 3 represents a
tracing of the Toyopearl chromatography.
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Figure 3, Toycpearl HW4OF chromatograph. (0.05 N AcCCH/MeCH:
flowrate, 30 ml/hr; 23" nm: 0.5 AUFS). Toxic fraction,
as determined by the m .ified acetylcholinesterase
assay, is indicated by the solid line.
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C. QUALITATIVE DETECTION OF A(S8)

Location of the toxic Toyopearl fraction has previously been
accomplished using the mouse bicassay (method 1). A modifigatlon
of the photometric Ellman assay (1), performed on Whatman filter
paper rather than in a cuvette, represents an alternative method of
locating the toxic fraction from a crude extract. Reagents are
prepared as follows: dithiobisnitrobenzoate (DTNB), 5 mg/ml EtOH:
acetylthiocholine iodide, 5 mg/ml EtOH: electric eel
acetylcholinesterase, 5 units/ml KPO, buffer (pH 8): o
diisopropylfluorophosphate (DFP), 1 mg/ml EtOH:; physostigmine, 1
mg/ml EtOH.

Anatoxin-a(s) extract is spotted on Whatman filter paper along
with positive controls, DFP and physostigmine. DTNB and
acetylcholine solutions are then sprayed on the filter paper and
allowed to air dry. The enzyme solution is applied by spraying.
Color develorment requires 20 min for optimum visualization. 1In a
positive A(S) assay, acetylcholinesterase reacts with the Ellman
substrates to yield a white concentric inhibition zone against an
intensely yellow-colored background. Positive controls show a
similar reaction.

D. HPLC AMALYSIS OF THE TOXIC FRACTION FOLLOWING TOYOPEARL
CHROMATOGRAPRY.

Purification of anatoxin-a(s) using method 1 utilizes an
analytical cyanopropyl (CN) cartridge (Altex, 4.5 x 150 mm) and
isocratic elution with 10 mM ammonium acetate:water (80:20). A
typical HPLC profile is shown in FPigure 4. Peaks collected are
checked and confirmed as toxic using the mouse biocassay.

Using methods 2, a preparative CN cartridge (Alltech
Econosphere, 250 x 10 mm) is used with 1% AcOH (in double distilled
water). The isocratic separation is achieved on a Waters Delta
Prep 3000 single pump system with valve-type solvent mixing.
Detection is through the preparative cell of Waters 481 detector at
208 nm. A typical HPLC profile is shown in Figure 5, anatoxin-a(s)
exhigiting a retention time of 13.5 min with a flow rate of 2
ml/min.

E. ELLMAN ASSAY FOR QUANTITATING AMATOXIN-A(S) YIELD

The photometric enzyme assay of Ellman et al. (1) is used in
conjunction with the mouse biocassay to quantitate toxin yield
following extraction/purification. Microliter volumes of purified
A(S), reconstituted in acidified water (pH 3), are added to 0.25
units of electric eel acetylcholinesterase and incubated for 2 min.
Following incubation, 3 ml of 0.1 M potassium phosphate buffer (pH
8), acetylcholine iodide (0.075 M) and dithiobisnitrobenzoate (0.01
M) are added, and the change in absorbance at 412 nm over a 15 sec
interval is recorded.
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Eigure 4, HPLC profile of the Toyopearl toxic fraction (methcd 1 .
Altex CN cartridge, 4.5 x 150 =am; 10 =M anmmoniun
acetate:water (80:20): flowrate, 1.5 2l/min; 230 nm=:
0.D. at 0.1 auf. Anatoxin~a(s) exhibits a retenticzcn

inme of 5 min 25 sec. Toxic peak is indicated £y sc..Z
line. .

Eigure S, HPLC profile of the Toyopearl toxic fraction method 2.
Alltech CN cartridge. 10 x 250 mm; 1% AcCOH isccratic
elution: flowrate, 2.0 ml/min; 208 nm: 0.D. at 0.5 au?.
Anatoxin-a(s) exhibits a cetention time of 13 =in 30
sec. Toxic peak is indicated by dashed line.

Figure 4
et
Best Available Copy
A(s) Toxin
5.5 min
Retention Time
Figure 5
H P .
Als) Toxin
13.5 min .
Retention Time '"le“
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?. 'E MMR SPECTRAL ANALYSIS

'H NMR spectrum of a purified A(S) sample was measured in 1%
CD;CO,D/D,0 (Fig <).

3. RESULTS AND DISCUSSION

Table 1 summarizes Anabaena flos—-aquae lyophilized cell
material extracted to date, the method used for
extraction/purification and respective yields of anatoxin-a(s).
Using the optimized scheme (method 2) calculated yields of toxin
average 0.29 mg toxin/gram of lyophilized cell material. This
represents a 4-fold increase over yields reported using method 1
(approximate yield is 0.07 mg toxin/gram lyophilized cell material)
and a 28-fold increase over yields reported in the 1986-87 annual
report (10 ug toxin/gram lyophilized cell material).

Location of the, toxic chromatographic fractions has previously
been performed exclusively by the mouse bioassay. This procedure,
though effective, substantially reduces the final vield of
anatoxin~a(s) due to expending the injection volume required to
elicit a neurotoxic response. As an alternative detection method
to the mouse bioassay, use of the photometric Ellman assay (1)
scheme has not been successful. Although purified anatoxin-a(s)
shows pronounced inhibitory activity against several preparations
of cholinesterase (2) and is used routinely in this laboratory to
quantitate purified toxin, use of the acetylcholinesterase assay as
a method of qualitative toxin detection during the purification
scheme has not been successful due to the interference of salts,
organic solvents and pigments present in the crude extract. A
modification of the Ellman assay (Matsunaga, S., personal
communication) performed on Whatman filter paper with spray
reagents, does represent a successful means of toxin detection from
a crude extract. The presence of organic solvents, pigments or
acetic acid does not affect the colorometric reaction when the
filter paper is sufficiently dried. However, the presence of
sufficient ammonium acetate may indicate a false positive result.
In addition to utilizing less toxin for localization of toxic
fractions, thus increasing the final yield of toxin, the detection
sensitivity of this assay is less than 100 ng.

The HPLC purification scheme described in method 1 requires
isocratic toxin elution from a CN cartridge with 10 mM ammonium
acetate. Although this system provides an adequate separation of
anatoxin-a(s) (Fig. 4), it was suspected that the alkali-sensitive
toxin may deteriorate during subsequent lyophilization due to the
presence of residual ammonia. Additionally, we have noted that
lyophilized toxin weight is a poor indication of toxic activity
(i.e., lyophilized weight is consistently higher than activity as
determined by mouse bioassay), and that weight decreases with
successive lyophilization. The latter problem was attributed to
the presence of salts added via the purification scheme. The
alternative HPIC purification scheme which replaces he ammonium



-93.

acetate mobile phase with 1% acetic acid, eliminates to a large
degree, both of these problems.

The 'H NMR spectrum (Fig. 6) was produced using 2.8 mg of
anatoxin~-a(s) extracted and purified using method 2. Though a few
contaminating peaks are present (marked vith arrows), this spect:ia
is comparable to the toxic form on anatoxin-a(s) noted by other
researchers (Mocre, R. and S. Matsunaga, personal communication).

A total of 175.20 grams of A. flos-agquae NRC-525-17 cells wvere
extracted and purified during the 1987-88 period with a total yield
of approximately 35.7 mg. The LDy, (i.p.) of purified anatoxin-
a(s) wvas determined in Swiss ICR, 15 gram mice (Table 2)}. Using
the method of Weil ¢t al, (3) the LD, was calculated to be 25.4
ug/kg with 95% confidence limits between 20.4 and 31.7 ug/kg. All
purified toxin has been utilized in structural studies,
toxicological/physiological atudiass.
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Table 1. Yield of Anatoxin-A(s)

Extraction Cells Extraction/ Toxin Yield
$ Extracted Purification Wt Toxicity Ellman
(9) Method (mg) (mu)* (mg)
1 9.60 1 0.40 - -
2 4.60 1 1.10 20 -
3 11.91 1 - 940 1.26
4 | 5.00 1 0.80 - -
5 *h 1 31.90 685 0.71
oM° 27.40 2 2.80 - -
7 10.12 1 2.50 1500 95.20
7 2 * 1.00 1820 1.35
8 11.43 1 1.30 150 48.20
8 2 * 0.10 180 0.17
9 11.23 1 8.40 - -
9 2 * 4.00 2300 2.76
10 10.27 2 2.90 3670 2.53
11 e 2 0.40 630 0.38
12 . 18.89 2 - - -
13 27.64 2 9.00 7000 6.96
14 16.97 2 - - - -
15M° 31.40 2 7.00 - -
16M° 14.60 2 8.00 - -

1 Mouse Unit = 1 ug

' Weight not determined. Sample comprised of miscellaneous semi-
purified extracts.

¢ Extraction/Purification performed by S. Matsunaga at W.S.U.
laboratory.

Lyophilized A(s) was reconstituted in 1% AcOH and run on HPLC
using 1% AcOH method.



Table 2.
Dose (i.p.) 4 animals Death Survival Time .
ug/kg treated (24 hr limit) +/~ S.E. (min.)
S S (1] -
10 S 0 -
15 5 0 -
20 s 1l 55.4
30 S 4 14.3 ¢ 3.5
40 S S 10.8 * 1.3
Raferances
1. Ellman, G.L., D. Courtney, V. Andres and R.M. Featherstone

(1961). Biochem. Pharmacol. 7:88-9S.

Mahmood, N.A. (1987). Anatoxin-A(s): I. Purification; II.
Thin-Layer Chromatography Analysis:; III. Inhibition of Human
Erythrocyte Acetylcholinesterase. Pourth Quarterly Report 85-
138. '

Weil, C., C.P. Carpenter and H.F. Smyth (1953). Am. Ind.
Rygiene Ass. Quart.
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APPENDIX II

Schedule' of deliverables supported on contrsct DAMD17-87-C-7019 and on
a subcontract from contract DAMD17-85-C-5241 (Univ. of Illinois--V.R.
Beasley), for the time period November 1, 1987-October 31, 1988.

Dascription Amount (mg)
Nodularin 24.0
Microcystin-IR 159.9
Microcystin-LR 19.64
Microcystin-(7) 1.5

Microcystin-(?) 9.

Anatoxin-a(s)
Anatoxin-a(s)
Microcystin-1R
Microcystin-LR
Microcystin-LR
Anatoxin-a(s)
Anatoxin-a(s)
Anatoxin-a(s)
Anatoxin-a(s)
Anatoxin-a(s)
Anatoxin-a(s)
Nodularin
Anatoxin-a(s)
Nodularin
Microcystin-YR
Anatoxin-a(s)
Anatoxin-a(s)
Anatoxin-a(s)
Microcystin-1R
Anatoxin-a(s)
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K.L. Rinshart

D.L. Bunner
A.M. Dahlem
K. Nereish

K. Mereish

H. Hines
R.E. Moore
D.L. Bunner
V. Beasley
D. Morton
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comments

Unfv. of Illinois

USAMRIID

Univ. of Illinois

USAMRIID (for side peak
analysis)

USAMRIID (for side peak
analysis)

USAMRIID

Univ. of Hawail

USAMRIID

Univ. of Illinois

Frostburg State Univ.

Uright State Univ.

Vright State Univ.

Uright State Univ.

USAMRIID

Univ. of Hawali

Univ. of Hawaiil

USAMRIID

USAMRIID

USAMRIID

USAMRIID

Univ. of Illinois

WUright State Univ.

Univ. of Illinois

USAMRIID

USAMRIID

' additional details n these deliverables can be found on p. 32-35; 93, 95.
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TOXICONM Vol. 26 (11):971-97)
LETTER TO THE EDITOR

Naming of Cyclic HNeptapeptide Toxins
of Cyancbacteria (Blva-green algae)

In 1878 George Prancis published the first written report ot
animal poisoning by a cyanobacterium (blue-green alga) (Francis
1878). However, it has only been in the last 30 years that a
significant amount of information has been published on both the
structure and function of the neurotoxic alkaloids and hepatotoxic
peptides of cyanobacteria. The neurotoxins are referred to as
anatoxins (Carmichael and Gorham 1978) while the hepatotoxins have
been called Fast-Death PFactor (Bishop at al. 1959), Microcystin
(Xonst gt al. 1963), Cyanoginosin (Botes et al. 1984), Cyanoviridin
(Kusumi @t al. 1987) and Cyanogenosin (apparently a misspelling of
cyanoginosin) (Painuly gt al. 1988).

Since 1963, microcystin is the tera most frequently used wvhen
describing cyclic peptide hepatotoxins produced by strains or
blooms of Microcystis. Cyanoginosin-"XY" is the term that has been
applied to chemically defined monocyclic heptapeptide hepatotoxins
isolated from strains of Microcystis aeruginosa. The derivation of
the term is "cyano" from cyanobacteria and “"ginosin® from
aeruginosa. The most useful aspect of this terxinology results not
from the term cyanoginosin but from the two letter suffixes "Xy"
vhich designate the tvo‘variant ®*L" amino acids found in all of the
cyclic heptapeptide hepatotoxins examined to date. These "L" amino

acids have also proven to be the essential variants between toxins
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isolated from & particular strain of N, asxuginosa (Carmichael
1986).
General Structure for the Nepatotoxic ﬂcptapoptidcs.
p § e 3 4 S
Cyclo(-D-Ala-L~-"X"-D-erythro-g-methyl -Asp-L-"Y"-ADDA~
¢ 7
D-Glu~-N-Methyldehydro-Ala)

X = leucine (L), Arginine (R), Tyrosine (Y)
Y = Arginine (R), Alanine (A), Methionine M)
»"XY® combinations for heptapeptide toxins currently
defined: IR; LA; YA, YN, YR, RR
ADDA = J-amino-9-methoxy-2,6,8-trimethyl-10-
phenyvldeca-4,6-dienoic acid
It is now known, however, that other species of NMicrocystis (i.e.,
M. viridis (cyanoviridin)) and genera not within the same order
(i.e., Anabaena and Oscillatoria) also produce cyclic heptapeptides
that fit the above generalized structure (Kusumi gt al. 1987;
Krishnamurthy et al. 1986a,b; Eriksson gt al. 1987). It is also
nov known that cyanoviridin, vhich wvas the RR heptapeptide variant,
is present in M. asruginosa (Watanabe gt al. 1988) and as a
desmethyl heptapeptide in Qscillatoria agardhii var. and var.
isothrix (Krishnamurthy st al. 1986b).

In viev of this long acceptance and use of the term microcystin in
the medical and veterinary literature, and the recent
identification of the cyclic heptapeptides among other species of
Microcystis and other cyanobacteria genera, it seems more

appropriate to retain the association wvith the genus. We would,
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therefore, like to propose that the original term "microcystin®
(MCYST) plus the suffix *"XY®* (designating the variant L-amino
acids) be recognized as the basis for naming all existing and
future monocyclic heptapeptide hepatotoxins of cyanobacteria. A
sunmary of this reasoning follows: 1) Nicrocystin has been used
since the 1960's to refer to peptide hepatotoxins of cyanobacteria
- especially those of Microcystis. 2) Microcystin can also
designate toxins from other species of the genus Microcystis or
from other genera in which toxins are now being found (Kfir et al.
1986, Eloff 1987, Gathercole and Thiel 1987). 3) The sequence of
the letters for the "L" amino acid suffix should follow that used
by Botes (1984) in that the first letter should designate the amino
acid closest to the D-alanine position (i.e. microcystin-LR). only
tvo exceptions within the five invariant "D" amino acids have been
reported to date. These are D-aspartic acid in place of methyl
aspartic acid and alanine in place of N-methyldehydroalanine
(Krishnamurthy gt al. 1986b). Such variations can be named by a
prefix to microcystin and numbering the amino acids affected. This
vill result in the tera "desmethyl 3-" and "didesmethyl 3,7-*
respectively to describe these two known variants of the "D" amino
acids. Cyclic peptide toxins with fewer or greater than seven
peptides or peptide-linked components should be named according to



the genus from vhich they are first isolated or to their chemical
composition relative to the known microcystins.
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